1. Introduction {#sec0005}
===============

Learning to read is one of the important milestones in child development. With the development of neuroimaging technology, more researchers tend to believe that reading acquisition depends on continuous communication within a brain network of visual, auditory, and semantic-processing regions; the white matter pathways that connect them lay the foundation for communication ([@bib0225]; [@bib0310]; [@bib0325]). Longitudinal studies have shown that the development of these white matter tracts is a long-lasting process from early childhood to adolescence ([@bib0015]; [@bib0085]; [@bib0140]). During this long-term process, the brain is inevitably influenced by the external family environment and internal learning experience of the children ([@bib0005]; [@bib0095]; [@bib0340]). However, there is a paucity of evidence on how the family environment and individual learning experience interact in the development of white matter pathways. Therefore, the present study explored the joint effect of the family environment and language learning experience on the structure of reading-related white matter pathways.

In the external environment, the early family environment plays an essential role in children's cognitive development. A large number of behavioral studies have highlighted the importance of socioeconomic status (SES) in children\'s reading and language development ([@bib0125]; [@bib0200]; [@bib0250]). Neuroimaging studies in recent years have also found correlations between SES and brain structure and function ([@bib0035]; [@bib0095]; [@bib0115]; [@bib0205]; [@bib0210]). [@bib0205] reported that after controlling for genetic factors, the influence of SES on the area and thickness of gray matter remained significant, and the significant areas included the reading and language-related regions. Nevertheless, the majority of previous studies have focused on a single family index of SES. However, other factors in the environment might mediate the effects of SES on the brain ([@bib0115]). These factors may include home literacy experiences like parent-child interactions ([@bib0120]; [@bib0250]; [@bib0260]) and the home literacy environment like book resources at home ([@bib0060]; [@bib0165]). There is now some evidence that certain aspects of parent-child interactions relate to the functional brain activity of children ([@bib0100]; [@bib0240], [@bib0245]). [@bib0100] found that the amount of parents' language input was related to their infants' brain responses (mismatch negativity, MMN) in the prefrontal cortical regions. [@bib0240], [@bib0245] reported that parent-child conversational turns were associated with the activation of the left inferior frontal area during a story listening fMRI task. However, the relations of these family factors and brain structures, especially the reading-related pathways, are largely unknown. Recently, researchers reported that parent-child conversational turns were significantly correlated with the connectivity of the left arcuate/superior longitudinal fasciculi, independently of SES and the amount of adult speech ([@bib0240], [@bib0245]). This study highlights the importance of early parent-child interaction for the development of the white matter pathways. However, this study was cross-sectional among preschool children, and it remains unclear whether the effect of the early family environment on the brain lasts for a long-time period. Therefore, in the present study, we measured various family factors (SES, age of literacy exposure and home literacy environment) in the preschool years and examined their association with brain structure in adolescence.

Apart from early environmental factors, the long-term language and reading learning experiences may influence reading and brain development ([@bib0005]; [@bib0265]; [@bib0295]). As one of the most important experiences in language acquisition and reading development ([@bib0145]; [@bib0180]; [@bib0320]), children's vocabulary skill develops in step with the white matter tracts from early childhood to adolescence. In general, children's vocabulary development can be conceptualized as a combination of the initial size and growth rate of their vocabulary. Compared with the initial vocabulary size, the growth rate of vocabulary development explains relatively more variance in subsequent language and reading skills in some studies ([@bib0255]; [@bib0265]). In recent MRI studies, researchers have also found that the growth rate of vocabulary development, rather than the initial vocabulary size, was a specific predictor of brain structure ([@bib0005]; [@bib0280]). These studies highlight the importance of vocabulary growth rate on reading and brain development. In the present study, we also focused on vocabulary skill, particularly the rate of vocabulary development, as an indicator of children's language learning over time.

Previous studies were mainly focused on the single predictive effect of the early family environment or language learning experience on reading performance and the reading brain. However, the early family environment and language learning experience may interact in facilitating subsequent reading and brain development. For example, Noble et al. reported that SES and phoneme awareness (PA) interacted in a multiplicative fashion with reading or reading-related brain activity ([@bib0190]; [@bib0195]). Specifically, at higher SES backgrounds, children's reading or reading-related brain activity was generally at an above-average level, regardless of their PA levels. However, at lower SES backgrounds, children with higher PA levels performed better than children with lower PA levels in reading and reading-related brain activity. This is the multiplicative factor model they provided to explain the interaction of the social background and cognitive skills on reading and the brain ([@bib0190]; [@bib0195]). Until now, the investigation of this interaction effect has been limited to the behavior and brain function levels. Little is known about interaction effects on brain structures, such as white matter tracts.

In summary, the present study aimed to investigate the joint effect of early family factors (SES, age of literacy exposure, and literacy environment) and long-term vocabulary development on the structure of reading-related white matter pathways in adolescence. Different early family factors may predict the property of different tracts in the left hemisphere. Furthermore, according to the multiplicative factor model (Noble et al., 2006a), we hypothesized that the early family factors would interact with vocabulary development on the structure of the reading-related white matter tracts.

2. Methods {#sec0010}
==========

2.1. Participants {#sec0015}
-----------------

Seventy-nine Chinese children participated in this study. There were 39 girls and 40 boys with a mean age of 14.1 years old (SD = 0.5). All participants came from a large on-going longitudinal study of Chinese language and literacy development that has taken place since 2000 ([@bib0265]; [@bib0285]). The original sample of participants consisted of 338 one-year-old children. From 1--3 years old, the family environment was measured via parent questionnaire. From 4--11 years old, these children were tested annually on a range of language and reading related tasks. At age 14, we mailed invitation letters for the MRI study to all participants remaining at age 11 (n = 291). We then made telephone calls to the parents who signed the agreement from the invitation letter (n = 107). Of these children, 28 children had counter indications to an MRI scan for various reasons (e.g., metal braces). Finally, we ended up with 79 volunteers in the DTI study. We compared demographic and behavioral variables of the children who were included in this study vs. those excluded. Independent-samples t tests showed that there was no significant difference between the two groups with respect to age, sex, IQ, family SES, and word reading ability (tested at age 11) (all *ps* \< 0.05). The participants were all native Mandarin speakers with a wide range of reading skills. They had normal or corrected-to-normal vision with no history of neurological abnormalities, head injury, or intellectual disability. Written informed consent was obtained from all parents. Ethical approval for the present study was obtained from the Institutional Review Board of Beijing Normal University Imaging Center for Brain Research.

2.2. Measures and analysis {#sec0020}
--------------------------

### 2.2.1. Early family environment {#sec0025}

The children's early family environment was measured via parent questionnaire. There were 10 items in total. These items have been used in previous studies and have been demonstrated to be reasonable proxies representing Chinese children's early family environment ([@bib0270], [@bib0275]; [@bib0345]). To reduce the 10 variables, an exploratory factor analysis was conducted in a previous study ([@bib0275]). Three factors emerged: The first component was family socioeconomic status (SES) (including 4 items), the second component was home literacy environment (including 4 items), and the third component was age of literacy exposure at home (including 2 items). The three components were then calculated as the mean standard scores of the corresponding measures. Based on the study by [@bib0275], we chose the same three components as the early family factors in the present study. Detailed descriptions regarding each item in each component are provided as follows.

#### 2.2.1.1. Socioeconomic status {#sec0030}

SES consisted of 4 items (mother's education, father's education, mother's income, and father's income). Parental education level was measured on a 7-point scale: 1 = lower than third grade; 2 = fourth to sixth grade; 3 = junior high school completion; 4 = senior high school completion; 5 = college; 6 = university graduate; and 7 = graduate school. Each parent\'s income level was measured on a 6-point scale: 1 = lower than 300; 2 = 300--499; 3 = 500--999; 4 = 1,000--1,999; 5 = 2,000--8,999; and 6 = greater than 9000 Chinese Renminbi RMB per month. The items of the SES component were collected from the mothers of the participants after they gave birth to the children.

#### 2.2.1.2. Literacy environment {#sec0035}

The literacy environment consisted of 4 items (number of adults\' books at home, number of children\'s books at home, parents\' reading frequency per week, and parents\' reading frequency per day). The numbers of adults\' and children\'s books at home were measured with two six-point scales: 1 = 0--5 books; 2 = 6--10 books; 3 = 11--25 books; 4 = 26--50 books; 5 = 51--100 books; and 6 = more than 100 books. The parents' reading habits were assessed with two questions. First, on how many days in a week do you usually read books or magazines? The scale included 1 = 0 days; 2 = 1--2 days; 3 = 3--4 days; 4 = 5--6 days; and 5 = 7 days. Second, for how long do you read each time? The scale include 1 = 0−10 min; 2 = 11−30 min; 3 = 31−60 min; 4 = 1--2 hours; 5 = 2--4 hours; and 6 = more than 4 h. Items loading on this component were collected when children were 3 years old.

#### 2.2.1.3. Age of literacy exposure {#sec0040}

*Age of* literacy exposure consisted of 2 items (storybook reading age and character teaching age). The parents were asked about the age at which they started or intended to start reading storybooks to their child and teaching their child to read characters. The choices were 1 = have no plan; 2 = after age 4; 3 = at 3--4 years old; 4 = at 2--3 years old; 5 = at 1--2 years old; and 6 = from 0 to 1 years old. Items for the age of literacy exposure component were collected when children were 3 years old.

### 2.2.2. Vocabulary development {#sec0045}

#### 2.2.2.1. Vocabulary definitions task {#sec0050}

Following the vocabulary subtest of the Stanford-Binet Intelligence Scale ([@bib0300]), this task was translated and adapted for Chinese children ([@bib0265]). It was used in a series of previous studies and is a reliable proxy for vocabulary knowledge in Chinese children ([@bib0055]; [@bib0155]; [@bib0175]). In this task, the experimenters orally presented a two-character word to the participant. The children's task was to provide the definition of the word. The experimenters subsequently scored the answer according to the standard scoring scheme in the test manual. The maximum score for each word was two. Each response of the children was rated by two well-trained experimenters with high inter-rater reliability in pilot tests. Overall, the children's vocabulary knowledge was measured across six time points. There were thirty-two words for the first five time points. At the final time point, fourteen new words were added to avoid a ceiling effect for the task. From age 4 to age 10, children's vocabulary ability was tested annually, with the exception of at age 9. As additional measures assessing children's attention were added at age 9, we did not measure vocabulary knowledge in this year so as to avoid fatigue in the children.

#### 2.2.2.2. Fitting vocabulary developmental trajectories {#sec0055}

As part of a larger longitudinal study examining children's language development (n = 264, including all participants of the present study) ([@bib0265]), the vocabulary developmental trajectory of each participant in the present study was transformed into two parameters, the intercept (starting point) and the slope (growth rate), using linear growth models ([@bib0230]). A detailed description regarding the model fit procedure was reported in a previous study ([@bib0265]). Therefore, in the present study, each child had two indices (intercept and slope) that represented his/her developmental trajectory from age 4 to age 10. Previous behavioral and neuroimaging studies have reported that, compared with the starting point, the growth rate of vocabulary development explained more variance in later reading behavior and brain development ([@bib0005]; [@bib0255]; [@bib0265]; [@bib0280]). Therefore, in the present study, we selected growth rate as our proxy for children's vocabulary development.

2.3. MRI data acquisition and analysis {#sec0060}
--------------------------------------

A 3 T MRI system (Siemens Trio, Germany) with a 12-channel head coil was used to acquire the diffusion-weighted images (DWI) of all participants. A single-shot spin-echo echo-planar imaging sequence was applied to collect the DWI data (coverage of the whole brain; TR = 8000 ms; TE =89 ms; acquisition matrix = 128 × 128; field of view = 282 × 282 mm^2^; and slice thickness = 2.2 mm with no gap). The diffusion sensitizing gradients were applied along 30 noncollinear directions with a b-value of 1000s/mm^2^ and one image with a b-value of 0 s/mm^2^. The resolution was 2.2 × 2.2 × 2.2 mm^3^. To improve the signal-to-noise ratio, we repeated the DWI sequence twice.

The registration of the raw DWI images and correction for subject motion and geometrical distortions were performed using ExploreDTI software (<http://www.exploredti.com>; [@bib0150]). The Levenberg--Marquardt nonlinear regression was then used to fit the tensor model ([@bib0170]). The fractional anisotropy (FA) was computed based on the eigenvalues of the diffusion tensor ([@bib0020]). The whole-brain tractography was subsequently performed using an interpolated streamline algorithm with a step length of 0.5 mm and a maximum angle threshold of 35°. Voxels with an FA below the threshold value of 0.2 were excluded from the tractography. This initial analysis yielded whole-brain tractography independently from regions-of-interest. Finally, the diffusion tensor maps and tractography data were imported into the TrackVis software tool (<http://www.trackvis.org>; [@bib0330]).

Tract dissections were performed for each participant's native space using a region-of-interest (ROI) approach. [Fig. 1](#fig0005){ref-type="fig"} (right column) displays our tracts of interest. The protocol for defining the ROIs for each fiber tract has been described in detail in previous tractography studies ([@bib0045], [@bib0050]; [@bib0040]): The three segments of AF (AF-anterior, AF-posterior, and AF-direct) were dissected following [@bib0045], the IFOF following [@bib0040], and the ILF following [@bib0040]. As in previous studies ([@bib0235]; [@bib0350]), we automated steps of the tract dissection to minimize the subjective variability associated with manual dissection. We defined ROIs on the MNI152 template (provided by FSL, <http://www.fmrib.ox.ac.uk/fsl/>). The FA map of each child was registered to the MNI152 template using Advanced Normalization Tools combining affine with diffeomorphic deformations (ANTs, <http://www.picsl.upenn.edu/ANTS/>; [@bib0010]; [@bib0135]). The inverse deformation was subsequently used to bring the ROIs defined on the MNI152 template to the native space of each participant. Each dissected tract was visually inspected and corrected in the native space of each child by two anatomists (MS and AC). All visual inspections and corrections were carried out under the supervision of expert anatomist MTS. Finally, the mean fractional anisotropy (FA) along the tracts of interest was extracted for further analyses.Fig. 1FA values of the white matter tracts between hemispheres.Note: The solid bar represents the left hemisphere, and the striped bar represents the right hemisphere. Different tracts are displayed in different colors: green = arcuate fasciculus-anterior (AF-anterior), yellow = arcuate fasciculus-posterior (AF-posterior), red = arcuate fasciculus-direct (AF-direct), blue = inferior frontal occipital fasciculus (IFOF), and orange = inferior longitudinal fasciclus (ILF). Error bars represent ± 1 standard error of the mean, \*\*\**p*\< 0.001.Fig. 1

2.4. Statistical analysis {#sec0065}
-------------------------

Statistical analyses were performed using SPSS Statistics v.20 (IBM Corporation, Somers, New York). First, demographics and differences in the FA values of the tracts between the two hemispheres were tested through paired-samples t-tests. Second, partial correlation analyses were used between the early family factors and the FA of the tracts and between the vocabulary growth rate and the FA of the tracts after controlling for age, sex, and whole brain mean FA. Furthermore, to examine the joint influence, particularly the interaction between early family factors and vocabulary development on the property of the tracts, hierarchical linear regression models were performed. FA values of the tracts that had been found in previous analyses to be significantly associated with family factors or vocabulary development were chosen as the dependent variables. Age, sex and the whole brain mean FA were statistically controlled in the first step as independent variables. In the second step, the control family factors were entered as a covariate. In the third step, the target family factor, the vocabulary growth rate, and the target family factor × growth rate interaction were entered as the independent variables of interest. Finally, to better understand the nature of the interactions, we split the target family factor and vocabulary growth rate into two groups by their group median and used ANCOVAs with FA as our dependent variable, target family factor and vocabulary developmental groups as between-subject factors, and age, sex, whole brain mean FA, and control family factors as covariates. The results were corrected for multiple comparisons of tracts using the false discovery rate (FDR) correction ([@bib0025]). We have reported uncorrected *p*-values and have then compared them to the FDR-corrected alpha threshold *q* value in the results.

3. Results {#sec0070}
==========

3.1. General distribution of the FA values of the tracts {#sec0075}
--------------------------------------------------------

The quality of the tract dissection was checked in the first step. The tractography success rates were greater than 95 % on each segment of the arcuate fasciculus in both hemispheres, with the exception of the right AF-direct, which had a success rate of 87 %, consistent with previous studies ([@bib0050]; [@bib0335]). The tractography success rate of the inferior frontal occipital fasciculus (IFOF) and inferior longitudinal fasciclus (ILF) reached 100 % in both hemispheres. We then compared the FA values of the tracts between the two hemispheres ([Fig. 1](#fig0005){ref-type="fig"}). Paired-samples t tests showed that the FA of the left AF-posterior, AF-direct and IFOF were significantly larger than their counterparts in the right hemisphere (AF-posterior: *t* = 4.760, *p* \< .001; AF-direct: *t* = 5.062, *p* \< .001; and IFOF: *t* = 7.967, *p* \< .001), which demonstrates leftward asymmetry, while the FA of the right AF-anterior was significantly larger than the FA of the left AF-anterior (AF-anterior: *t* = −6.809, *p* \< .001), which implies rightward asymmetry. Finally, there was no significant difference in the FA of the ILF between the two hemispheres (ILF: *t* = 1.306, *p* = .196).

3.2. Influences of the family environment and vocabulary development {#sec0080}
--------------------------------------------------------------------

Before exploring the influences of the family environment and vocabulary development, we examined the descriptive statistics of the 10 original family factors. [Table 1](#tbl0005){ref-type="table"} shows the ranges (min and max), means and SDs of the early family factors. In the area of the present study (Beijing, China), the median educational attainment is 3 and the median income is 3 ([@bib0185]), which indicated that the children in our sample were generally from the upper middle class families of this area. In general, the ranges for all of the measures were relatively large with reasonable standard deviations. Thus, this sample demonstrated sufficient variability in the early family environment.Table 1Descriptive statistics of the early family factors.Table 1MeasuresRangeMeanS. D.Mother's education2-74.51.1Father's education3-74.71.1Mother's income1-63.81.5Father's income1-64.71.1Number of adults\' books at home1-64.81.5Number of children\'s books at home1-64.21.2Parents\' reading frequency per week1-54.51.1Parents\' reading frequency per day1-63.11.1Storybook reading age1-64.61.2Character teaching age1-64.01.0

To reduce the 10 early family variables, an exploratory factor analysis was conducted. Three factors emerged: The first component was family socioeconomic status (SES) (including mother's education, father's education, mother's income and father's income), the second component was home literacy environment (including number of adults\' books at home, number of children\'s books at home, parents\' reading frequency per week and parents\' reading frequency per day), and the third component was age of literacy exposure (including storybook reading age and character teaching age). The three components were then calculated as the mean standard scores of the corresponding measures ([@bib0275]). We subsequently performed a correlation analysis among the three early family factors and the vocabulary developmental parameter. Early family factors were significantly correlated with each other (*ps* \< .05). SES was found to be significantly associated with the vocabulary intercept (*r* = .229, *p* = .042), while no significant correlation was found between early family factors and vocabulary growth rate (*ps* \> .05).

Furthermore, we performed partial correlation analyses among family factors, vocabulary growth rate, and FA of the white matter tracts, statistically controlling for age, sex and whole brain mean FA. [Table 2](#tbl0010){ref-type="table"} shows that three tracts in the left hemisphere (AF-posterior, AF-direct, and IFOF) were correlated with family factors or vocabulary development. More specifically, SES was associated with the FA of the left IFOF (*r* = .249, *p* = .030 \> FDR-corrected *q* = .005). Further correlation analyses between individual SES factors (parental education, parental income) and FA of the white matter tracts showed that parental education was associated with the FA of the left IFOF (*r* = .247, *p* = .031), while no significant correlation was found between parental income and the left IFOF (*r* = .166, *p* = .153). Age of literacy exposure was correlated with the FA of the left AF-direct (*r* = .344, *p* = .003 \< FDR-corrected *q* = .005), and vocabulary growth rate was associated with the FA of the left AF-posterior (*r* = .361, *p* = .001 \< FDR-corrected *q* = .010) and left AF-direct (*r* = .305, *p* = .009 \< FDR-corrected *q* = .010). No significant correlations were identified in the right hemisphere (*ps* \> .05). [Fig. 2](#fig0010){ref-type="fig"} displays the individual scatter plots for the significant correlations. In general, a better early family environment and higher vocabulary growth rate were associated with larger FA values of the reading-related tracts.Table 2Partial correlations between family factors, vocabulary growth rate and the FA of the white matter tracts controlling for age, sex and whole brain mean FA.Table 2TractsSESLiteracy environmentAge of literacy exposureVocabulary growth rateLeft hemisphereAF-anterior.076.182.196−.069AF-posterior−.017.026−.018**.361**\*\*AF-direct−.128.129**.344**\*\***.305**\*\*IFOF.249\*.090−.053.158ILF.145.060.079.052  Right hemisphereAF-anterior−.206−.180−.165.065AF-posterior−.076.049−.217−.087AF-direct−.057.054−.153.046IFOF.222.086−.006−.026ILF.107.177.007.041[^1]Fig. 2Correlation between family factors, vocabulary growth rate and mean FA of the left arcuate fasciculus and left inferior frontal occipital fasciculus (residuals, after controlling for age, sex, and whole-brain mean FA).**(A)** Correlation between socioeconomic status (SES) and mean FA of the left inferior frontal occipital fasciculus. **(B)** Correlation between age of literacy exposure and mean FA of the left arcuate fasciculus-direct. **(C)** Correlation between vocabulary growth rate and mean FA of the left arcuate fasciculus-posterior. **(D)** Correlation between vocabulary growth rate and mean FA of the arcuate fasciculus-direct.Fig. 2

3.3. Family environment × vocabulary development interaction {#sec0085}
------------------------------------------------------------

To explore the joint influence of the early family factors and vocabulary development on the structure of the white matter tracts, we performed hierarchical linear regression models on the tracts (left AF-posterior, left AF-direct, and left IFOF) that have been found to be significantly associated with family factors or vocabulary development in previous analyses. Correlational analyses showed that SES, age of literacy exposure, and vocabulary growth rate were correlated with the FA of these tracts ([Table 2](#tbl0010){ref-type="table"}). Thus, we tested the SES-vocabulary interaction and age of literacy exposure-vocabulary interaction in further regression analyses. When age, sex, whole brain mean FA, SES and literacy environment were statistically controlled, age of literacy exposure was a significant predictor of the FA of left AF-direct (*β* = .256, *p* = .011); vocabulary growth rate significantly predicted the FA of left AF-posterior (*β* = .298, *p* = .002) and left AF-direct (*β* = .220, *p* = .014). Interestingly, two significant age of literacy exposure × vocabulary development interactions were found in the left AF-posterior (*β* = -.201, *p* = .032) and left AF-direct (*β* = -.220, *p* = .015) ([Table 3](#tbl0015){ref-type="table"}). No significant SES-vocabulary interaction was identified among the previously described tracts (*ps* \> .05). [Figs. 3](#fig0015){ref-type="fig"}A and 3B illustrate the age of literacy exposure-vocabulary interactions in which age of literacy exposure was split into "earlier" and "later" groups by the group median. The interaction patterns of the AF-posterior and AF-direct were similar: In the earlier literacy exposure group, there was no correlation between vocabulary growth rate and the FA of the tracts, whereas the vocabulary growth rate was positively correlated with the FA of the tracts in the later literacy exposure group. This finding suggests that age of literacy exposure can systematically influence the vocabulary development--brain relationships. No interaction effect was identified in the left IFOF (*β* = -.072, *p* = .456), although SES remained a significant predictor of the FA of the IFOF (*β* = .231, *p* = .033).Table 3Hierarchical regression models using control variables, age of literacy exposure and vocabulary growth rate to predict the FA of the left arcuate fasciculus (AF) the left inferior frontal occipital fasciculus (IFOF).Table 3AF-posteriorAF-directIFOF*ΔR^2^BetaΔR^2^BetaΔR^2^Beta*1Age.300\*\*\*−.195\*.313\*\*\*.008.325\*\*\*−.064Sex.090.034.163Whole brain FA.548\*\*\*.540\*\*\*.524\*\*\*2SES\<.001−.057.039−.258\*\*.042.231\*Literacy environment.018.083.0293Age of literacy exposure.135\*\*−.059.192\*\*\*.256\*.031−.162Vocabulary growth rate.298\*\*.220\*.102Interaction−.201\*−.220\*−.072[^2]Fig. 3The modulation of age of literacy exposure on the relationship between vocabulary growth rate and FA values of the left arcuate fasciculus.**(A)** Correlation between residuals (controlling for age, sex, whole-brain mean FA, SES and literacy environment) of vocabulary growth rate and FA values of the left arcuate fasciculus-posterior for the earlier literacy exposure group and later literacy exposure group, respectively. **(B)** Correlation between residuals of vocabulary growth rate and FA values of the left arcuate fasciculus-direct for the earlier and later literacy exposure groups. **(C)** Age of literacy exposure by vocabulary development interaction in the left arcuate fasciculus-posterior. **(D)**Age of literacy exposure by vocabulary development interaction in the left arcuate fasciculus-direct.Note: In the upper panel, age of literacy exposure is split into "earlier" and "later" groups by group median. Gray dots represent children in the earlier literacy exposure group; yellow or red dots represent children in the later literacy exposure group. In the lower panel, the Y-axis indicates the mean FA of the tracts. Vocabulary growth rate is split into "high" and "low" groups by group median. The solid bar represents the high vocabulary growth rate group, and the striped bar represents the low vocabulary growth rate group. Error bars represent ± 1 standard error of the mean, \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 3

In line with the regression models, further ANCOVAs, transforming the age of literacy exposure (group median = 4) and vocabulary development into binary variables, showed two significant interactions in the left AF-posterior (*F*(1, 69) = 6.395, *p* = .014, $\eta_{p}^{2}$ = .085) and left AF-direct (*F*(1, 66) = 5.836, *p* = .018, $\eta_{p}^{2}$ = .081). For the earlier literacy exposure group, the children had similar FA values of the two tracts irrespective of their vocabulary growth rate (AF-posterior: *F*(1, 34) = .057, *p* = .812; AF-direct (*F*(1, 30) = .061, *p* = .807). Regarding the later literacy exposure group, the children with a high growth rate had larger FA than those with a low growth rate (AF-posterior: *F*(1, 30) = 25.932, *p* \< .001; AF-direct (*F*(1, 31) = 8.326, *p* = .007). [Figs. 3](#fig0015){ref-type="fig"}C and 3D display these interactions.

4. Discussion {#sec0090}
=============

Combining detailed behavioral analyses and an individual-based tractography methodology, the present study investigated the influence of early family factors and long-term vocabulary development on the structure of reading-related white matter pathways. First, different family factors were found to be correlated with different pathways: Age of literacy exposure was correlated with the structure of the left AF-direct at 14 years old, while an association trend was found between early family SES and FA of the left IFOF at 14 years old. Furthermore, the structures of the left AF-posterior and left AF-direct at 14 years old were related to the vocabulary growth rate from 4 years old to 10 years old. Finally, significant age of literacy exposure -vocabulary development interactions were found in the left AF-posterior and left AF-direct. Thus, age of literacy exposure can systematically modulate the relationships between vocabulary development and the structure of the left arcuate fasciculus. Specifically, in the earlier literacy exposure group, no association was found between vocabulary development and the strength of the arcuate fasciculus, whereas in the later literacy exposure group, significant associations were found between vocabulary development and the strength of the arcuate fasciculus.

4.1. Long-lasting effect of the early family environment {#sec0095}
--------------------------------------------------------

The influence of the family environment on brain development is a long-standing issue ([@bib0095]). During previous decades, a substantial body of research has focused on the influence of SES, and found that variation in SES tends to be associated with variation in the gray matter structure ([@bib0130]; [@bib0160]; [@bib0205]), white matter structure ([@bib0105]; [@bib0305]) and functional activity ([@bib0220]) of children's brains. However, relatively few studies have explored the influence of additional family factors on brain development, and most previous studies were cross-sectional. It is difficult to observe the long-lasting effect of different family factors on subsequent brain development. In the present longitudinal study, we measured different family factors from children's birth to the ages of 3 years old and measured brain structure at 14 years old. Interestingly, we found that the age of literacy exposure was related to the property of AF-direct at 14 years old, even statistically controlling for SES, literacy environment, and long-term vocabulary development. This may highlight the long-lasting effect of the age of literacy exposure.

In the present study, we did not find significant correlations between early family factors and vocabulary growth rate. According to the previous literature ([@bib0255]), early family factors, especially SES, should be associated with the vocabulary growth rate. Thus, we conducted further statistical analyses. As all the 79 participants of the present MRI study came from a larger longitudinal study (n = 262) ([@bib0275]), we had familial and behavioral data for all 262 children. Thus, we calculated the correlations between early family factors and vocabulary growth rate in the larger sample. Results showed that SES and home literacy were both significantly associated with vocabulary growth rate. These results indicate that early family factors are related to the vocabulary growth rate, which is consistent with the previous literature. The weak association between early family factors and vocabulary growth rate may be due to the relatively small sample size of the present study, which influences the statistical power of the correlation analyses (Cohen, 2013). Therefore, it seems desirable to enlarge the sample size in further MRI studies.

4.2. Functional dissociation of different family factors {#sec0100}
--------------------------------------------------------

Via individual-based tractography, the current study comprehensively examined the property of 10 reading-related white matter pathways in the bilateral hemispheres. Association analyses between these pathways and early family factors showed that different family factors were associated with different pathways in the left hemisphere: Age of literacy exposure was associated with FA of the left AF-direct in the dorsal pathway (and survived the *FDR* correction); an association trend was also found between SES and FA of the left IFOF in the ventral pathway (did not survive the *FDR* correction). The association between age of literacy exposure and FA of the left AF was similar to a previous study in which a significant correlation was identified between conversational interaction and FA values of the left arcuate and superior longitudinal fasciculi ([@bib0240],[@bib0245]). This is not surprising because the processes of literacy exposure and conversational interaction both incorporate auditory or phonological processing of the children, which has been found to be the function of the left arcuate fasciculus ([@bib0315]; [@bib0335]). The association trend between SES and IFOF was also similar to that demonstrated in several previous studies in which a significant correlation was identified between SES and the left ILF ([@bib0070]; [@bib0110]). The ILF and IFOF in the ventral pathway might serve as a route to transfer primary visual input to the Visual Word Form Area (VWFA), and it may be correlated with orthographical processing skills ([@bib0090]). Furthermore, many studies have found different associations in both brain structure and cognitive outcomes to be partly dependent upon the SES variable used; current research favors using specific SES indicators (e.g., income or education) as variables ([@bib0035]; [@bib0075]). Results of the present study showed that parental education was associated with the FA of the left IFOF, while no significant correlation was found between parental income and the left IFOF. This reflects that the association we found between the composite SES score and the reading-related tract IFOF is mainly due to the contribution of the parental education. This result is not surprising, as previous studies have shown that parental education is strongly related to the richness of children' s language learning environment and is particularly impactful on children' s literacy development; in contrast, parental income representing the material resources available to children may have a greater impact on social, emotional, or executive function development ([@bib0035]; [@bib0080]; [@bib0205]).

4.3. Development of the left AF {#sec0105}
-------------------------------

Relative to the ventral fiber pathway, the maturation of the left AF in the dorsal pathway occurs later ([@bib0065]). Newborn studies show that the ventral fiber tract is clearly present at birth. However, in contrast to this connection in adults, the dorsal fiber pathway (left AF) that connects Broca's area and Wernicke's area is not mature in newborns ([@bib0030]; [@bib0215]). This may suggest that both external family environment and internal learning experience play important roles in shaping the development of the dorsal fiber pathway. Using a longitudinal design, the present study highlighted the potential influences of the early family environment, long-term vocabulary development, and the environment-vocabulary interaction on the structure of the arcuate fasciculus in adolescence, thus providing evidence for the roles of external family environment and internal learning experience in shaping the development of the dorsal pathway.

4.4. Interaction of the early family environment and vocabulary development {#sec0110}
---------------------------------------------------------------------------

The early family environment, as represented by age of literacy exposure in the present study, interacted with vocabulary development on the structure of reading-related white matter tracts. In the earlier literacy exposure group, no significant difference was found in the left AF between high vocabulary growth group and low vocabulary growth group. While in the later literacy exposure group, a significant difference was found in the left AF between high vocabulary growth group and low vocabulary growth group. Specifically, children with low vocabulary growth rate had significant lower FA than children with high vocabulary growth rate. Therefore, we conjecture that children who seem to be particularly at risk to have low FA are those who have both later literacy exposure and low vocabulary growth rate. In other words, this is a kind of "double hit" situation. If the children have both disadvantages, they will have lower FA. Either earlier literacy exposure or high vocabulary growth grate can rescue the children from this unfavorable situation. Considering the influential factors of the vocabulary growth rate, it may be influenced both by genetic factors and by environmental factors such as home literacy environment and exposure to literacy. And there may be gene x environment interactions, such that a more favorable environment buffers against the effects of less favorable genetic predispositions. This is known as a vulnerability model, or double hit as well. According to the distribution of the age of literacy exposure (median = 4), children who experience literacy exposure before 2 years old are in the earlier literacy exposure group, which may suggest the importance of providing literacy exposure for child before this curtail time point. However, it is notable that the above explanations are our conjectures. In future studies, we need to combine more brain and behavioral data to clarify and refine these ideas.

Interestingly, the interaction pattern identified in this study confirmed the "multiplicative factor model" suggested by previous behavioral studies ([@bib0190]). Together with a previous functional MRI study ([@bib0195]), the results of the present DTI study provide new evidence for this interaction model at the neural anatomical level. Moreover, the interacting factors included in previous studies were a single SES index or a 1 time-point cognitive skill, such as PA. However, reading in real life is more complicated; it is influenced by various environmental factors and long-term cognitive development. The present study found the associations between age of literacy exposure, long-term vocabulary development, and the structure of the white matter tracts, which may increase the theoretical significance of the multiplicative factor model.

4.5. The nature of the age of literacy exposure {#sec0115}
-----------------------------------------------

From both the correlational analyses and the interaction analyses, we found that the age of literacy exposure was related to the white matter structure, independent of other family factors. This finding led us to further consider the nature of the age of literacy exposure. According to [@bib0290] conceptualization of the home literacy environment, children's literacy experiences originate from three aspects: (a) experiences in which children interact with adults in reading and writing situations, (b) experiences in which children explore print on their own, and (c) experiences in which children observe adults modeling literate behaviors. In the present study, we assume that the earlier the age of literacy exposure, the more literacy experiences the child may receive. Therefore, the two items we used (storybook reading age and character teaching age) in the present study belong to the same category, namely, experiences in which children interact with adults in the reading situation. [@bib0260] argued that storybook reading is a type of informal literacy experiences, while character or word teaching is a type of formal literacy experiences. These two types of literacy experiences can enhance children's phonological awareness and vocabulary knowledge, increase their familiarity with the syntax of written language, and heighten awareness of written letters and words ([@bib0260]). The present study demonstrated the association between age of literacy exposure and the left AF, thus providing neural evidence for the role of the age of literacy exposure in literacy development.

However, the age of literacy exposure in the present study is a general and implicit measure (e.g., reading onset time). We did not collect data on the actual frequency of the parent-child reading interaction. This is a limitation of the present study. Further studies should investigate more concrete and explicit measures, including the actual frequency and time of children's reading behavior, parent-children reading interaction and direct observations and assessment of parent-child reading activities ([@bib0240],[@bib0245]; [@bib0250]). Another limitation of the present study is the relatively lenient correction strategy used in the correlation analyses. As an exploratory study, we did separate *FDR* corrections for each of the family factors, which may have increased the rate of false positives. Findings of the present study need to be validated in future research. Finally, the present study reveals the association between early family factors and the white matter structure in adolescence. However, SES and home literacy environment are dynamic construct that can change throughout a child\'s development. Further studies should collect more familial data at different time points and explore the dynamic relationship between early family factors and the brain development.

4.6. Practical implications {#sec0120}
---------------------------

The present results may also have practical implications. The present study demonstrated that the age of literacy exposure correlated with the strength of the connectivity in the left dorsal pathways, independent of SES. This indicates that the timeliness and enrichment of literacy exposure is essential for the neural development of typical children, and this effect is independent of the effect of SES. Compared with SES, the onset time and quality of literacy exposure are more malleable. Family-based programs designed to improve children's reading and language ability could focus on timely and high-quality parent-child literacy training. This may enhance the brain development and the language abilities in children from all backgrounds.

5. Conclusion {#sec0125}
=============

In the current longitudinal study, we investigated the influence of early family factors and long-term vocabulary development on the structure of reading-related white matter pathways. Age of literacy exposure and early SES were related to the structure of the left AF and left IFOF, respectively. Furthermore, age of literacy exposure and vocabulary development interacted on the structure of the left AF-posterior and left AF-direct. From the perspective of practice, this interaction may lead to insights in effectively targeting the specific needs of children in different environments, particularly children living in relatively disadvantaged backgrounds.
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[^1]: Note: \**p* \< 0.05, \*\**p* \< 0.01, *r* values surviving FDR correction are in bold.

[^2]: Note: \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.
